ABSTRACT: Neuromuscular electrical stimulation (NMES) involves the use of electrical current to facilitate contraction of skeletal muscle. However, little is known concerning the effects of varying stimulation parameters on muscle function in humans. The purpose of this study was to determine the extent to which varying pulse duration and frequency altered torque production and fatigability of human skeletal muscle in vivo. Ten subjects underwent NMES-elicited contractions of varying pulse frequencies and durations as well as fatigue tests using stimulation trains of equal total charge, yet differing parametric settings at a constant voltage. Total charge was a strong predictor of torque production, and pulse trains with equal total charge elicited identical torque output. Despite similar torque output, higherfrequency trains caused greater fatigue. These data demonstrate the ability to predictably control torque output by simultaneously controlling pulse frequency and duration and suggest the need to minimize stimulation frequency to control fatigue.
volves the use of electrical current to facilitate contraction of skeletal muscle. It is commonly used during rehabilitation to accomplish a variety of goals and often prescribed to treat muscle atrophy or impaired motor control associated with orthopedic and neurological damage or joint motion dysfunction. 2 In addition, NMES can serve as a means of compensating for loss of voluntary control of skeletal muscles as well as facilitating exercise to restore or supplement function lost due to disease or injury. 3, 15, 16, 18 Nevertheless, inherent disadvantages surround the application of NMES, including decreased subject tolerance and, most notably, rapid onset of fatigue relative to voluntary contractions. 12, 24 It is the latter of these that results in the greatest limitations when NMES applications are used to elicit functional activities.
The characteristics of electrical stimulation known to impact external torque production include the intensity (i.e., amplitude or voltage), frequency, and duration of pulses. 2 The most widely studied of these characteristics are frequency and intensity. Increasing the intensity results in recruitment of additional motor units, thereby increasing torque output. 1 Increasing stimulation frequency will also increase torque output. This phenomenon holds true to the point that a tetanic contraction is achieved (i.e., any further increase in frequency will not increase torque). Subtetanic increases in stimulation frequency increase torque output by maximizing the amount of torque each individual motor unit can produce without affecting recruitment. 4 Previous studies suggest that both high stimulation frequencies and intensities may accelerate the rate and level of fatigue during NMES. 19, 22 As such, alternative methods of attaining or maintaining torque output at desired levels using lower activation frequencies and intensities, thereby potentially altering fatigability, would be beneficial in the design and implementation of optimal stimulation protocols. Previous studies have examined the impact of using reduced frequencies and increasing current intensity to attain a given torque level, and shown improvements in fatigue resistance using this approach. 5 The physiological explanation for these results involves recruiting more motor units at lower firing frequencies to achieve a given torque output. As such, these studies emphasize the importance of stimulation frequency over intensity in causing fatigue. However, to our knowledge, no data exist on the impact of varying pulse duration, either alone or in combination with other parameters, on torque production and fatigability during NMES, even though an understanding of the interaction of these stimulation parameters and their impact on muscle function seems valuable. Therefore, the purpose of this study was to examine the interrelationship of pulse duration and pulse frequency at constant stimulation intensity on torque production and fatigue of human skeletal muscle in vivo.
MATERIALS AND METHODS

Subjects.
Ten subjects (29.9 Ϯ 6.7 years, 174.2 Ϯ 7.4 cm, 72.7 Ϯ 11.6 kg; 8 men) participated in this study. Criteria for participation included: (1) 18 -50 years of age, (2) recreationally active, (3) no history of orthopedic or neurological injury that might affect lowerextremity muscle function, and (4) no known medical conditions that contraindicated NMES. Prior to participating in the study, written informed consent was obtained from all subjects, as approved by our Institutional Review Board.
Isokinetic
Dynamometry. Torque measurements were obtained from the quadriceps muscle group using an isokinetic dynamometer (Biodex, Shirley, New York). Subjects were seated in an upright chair with hips and knees flexed to ϳ80°. The axis of the dynamometer was aligned with the knee joint line and the leg was secured to the lever arm. Proximal stabilization was achieved with straps around the chest, waist, and thigh, as previously described. 17 Prior to data collection, subjects were allowed to perform several warm-up contractions. Next, a value for maximum voluntary isometric contraction (MVIC) was determined. MVIC was defined as the peak isometric torque achieved during three consecutive contractions (ϳ5-s contractions separated by 120 s of rest). In the event that the peak torque values differed by more than 5%, additional contractions were performed. Contraction intensity for subsequent NMES testing was calculated relative to each subjects' MVIC.
Electrical Stimulation. Bipolar self-adhesive neuromuscular stimulation electrodes were placed over the distal-medial and proximal-lateral portion of the quadriceps muscle group. Stimulation pulses were delivered using a Grass S8800 stimulator with a Grass Model SIU8T stimulus isolation unit (Grass Instruments, Quincy, Massachusetts) and data digitized at 200 samples per second. Intensity was set at a voltage that elicited ϳ50% of each subjects' MVIC using a 70-Hz/600-s pulse train of 500-ms duration. Prior to data collection, five trains (500-ms train duration) were delivered at the aforementioned settings to potentiate the quadriceps muscle group. Next, 500-ms pulse trains were delivered using all possible combinations of frequencies (10, 20, 30, 40, 50, 60, 70 , and 100 Hz) and pulse durations (100, 200, 300, 400, 500, 600, and 700 s) at the predetermined voltage. A minimum of 30 s rest was given between each contraction. Pulses were delivered in random order with the exception that the 70-Hz/600-s train was given at the beginning, middle, and end of the protocol in an effort to assess fatigue during the testing session. A total of 58 NMES-induced contractions were elicited. In addition, fatigue tests were performed during subsequent sessions separated by 48 -96 h. Fatigue tests were performed using different parametric settings of equal total charge (i.e., 50-Hz/200-s vs. 20-Hz/500-s) at the same voltage used previously and a 50% duty cycle (1-s on / 1-s off). Fatigue tests were 2 min in duration (i.e., 60 total contractions).
Present Pain Intensity (PPI).
Following fatigue tests, subjects rated PPI using a visual analog scale as part of the short-form McGill Pain Questionnaire. 20 The scale ranges from 0 to 100 mm with the zero value representing "no pain" and the 100 mm value representing the "worst possible pain." Data Analyses. Torque values obtained for each combination of pulse duration and frequency were used to construct torque-duration and torque-frequency curves. Torque values obtained were normalized to trains elicited using the highest frequency and longest pulse duration (i.e., 70-Hz/600-s) to construct the normalized torque-duration and torque-frequency curves, respectively. Next, regression analysis was used to determine the relationship between torque produced during parameter titration and total charge (product of pulse duration and pulse frequency; V‫ء‬s
Ϫ6
). T-tests were used to determine whether differ-ences existed between torque values elicited by trains of similar total charge yet varying parametric settings. Finally, t-tests were used to determine whether differences existed in the torque produced or the discomfort reported between contractions elicited by pulse trains of different parametric settings yet equal total charge. For all tests performed, the level of significance was set at ␣ ϭ 0.05.
RESULTS
Normalized torque data were plotted over a range of pulse frequencies (10 -100 Hz) at different durations (100 -600 s) to construct the torquefrequency curve (Fig. 1) . In addition, a torqueduration curve was constructed across this same range of pulse durations and averaged across the different frequencies (Fig. 2) .
Total charge, the product of pulse frequency and pulse duration (V‫ء‬s Ϫ6 ), is a strong predictor of external torque production during NMES-induced contractions in human skeletal muscle. Total charge explained ϳ98% of the variance in external torque production over a range of pulse durations (200 -600 s) and pulse frequencies (20 -60 Hz; y ϭ Ϫ5E-10x 2 ϩ 3E-05x ϩ 0.3262, R 2 ϭ 0.9812; Fig. 3 ). Of note, no differences were observed in torque production between 70-Hz/600-s trains delivered throughout the testing protocol. Thus, fatigue of the quadriceps femoris muscle group was not a factor in the relationships found. In this study we limited the range of stimulation frequencies used to determine this relationship so as to avoid those that exist on the plateau of the torque-frequency relationship. Specifically, frequencies where an additional 10-Hz increase did not significantly increase torque production were excluded. In addition, the lowest pulse frequency (10 Hz) and duration (100 s)
were excluded from this relationship. However, as indicated in Figure 3 , the relationship between total charge and external torque production plotted using only these lowest parameter values resulted in a separate but similarly strong relationship, with total charge explaining ϳ92% of the variance in external torque production (y ϭ Ϫ2E-09x 2 ϩ 4E-05x ϩ 0.0943, R 2 ϭ 0.9162; Fig. 3 ).
No differences were found in the amount of torque produced by trains of equal total charge, regardless of stimulation intensity (P Ն 0.26; Tables 1, 2 average torque values beginning with contraction 6 of 60 and continuing throughout the remainder of the test (Fig. 4) .
No differences were found in the VAS pain ratings of subjects utilizing pulse trains of 20 Hz/500 s (15.33 Ϯ 2.96 mm) or 50 Hz/200 s (20.76 Ϯ 3.75 mm, P ϭ 0.18).
DISCUSSION
The results of this study demonstrate that the product of pulse duration and pulse frequency, defined as total charge, is an extremely strong predictor of external torque production in healthy human skeletal muscle. Accordingly, pulse trains with equal total charge elicit identical torques across a range of pulse frequencies and durations. Finally, stimulation settings of equal charge that incorporate lower frequencies of activation result in less fatigue with no difference in perceived pain. Of note, a key characteristic of this study is that stimulation intensity was held constant at a relatively high level throughout the entire protocol in an effort to ensure substantial quadriceps muscle activation and was necessary to obtain measurable torque with the low frequency / low pulse duration trains.
The values in Tables 1 and 2 reflect the different combinations of parameters that result in identical total charge and represent some novel findings. These pairs of NMES trains, independent of magnitude, result in equal torque. For example, there was no difference in external torque between the 30-Hz/500-s and 50-Hz/300-s trains, both representing trains with a 15,000 V‫ء‬s -6 total charge. Interestingly, these two frequencies fall on the steep part of the torque-frequency curve (Fig. 1) , suggesting that the torques should be quite different. However, by simply adjusting pulse duration to normalize total charge, external torque production was the same. A similar finding was seen in the 20-Hz/600-s and 60-Hz/200-s trains. These two frequencies are even further apart on the torque-frequency curve, yet when total charge is equalized the trains produced identical torques. The torque-frequency relationship of the quadriceps muscle group illustrated in Figure 1 is similar to that previously reported. 6 The novelty of our data lies in the fact that the curve is generated from normalizing the torque-frequency relationship over multiple pulse durations (100 -600 s), owing to the inherent stability of this physiological phenomenon in nonfatigued muscle. In general, force is relatively low at the lowest frequency due to an inability of the pulses to summate action potentials and result in higher torques. However, torque increases exponentially with increases in frequency until about 60 Hz, where torque seemingly plateaus. 22 This plateau is due to calcium uptake being the rate-limiting step while muscle cross-bridge cycling is occurring at a maximal rate, resulting in the maximum torque per muscle fiber in the motor unit. 10 Increasing the frequency and providing more calcium does not result in greater torque. Accordingly, energy expenditure will be high during higher frequency stimulation. Interestingly, a higher energy cost of contraction with increased frequencies, even at equal torques, has previously been reported during tetanic contractions. 21 In our study, stimulation trains with higher frequencies, and presumably higher energy costs, resulted in greater muscle fatigue than lower-frequency stimulation (Fig. 4) . Although an increased metabolic cost at higher frequencies seems the likely mechanism to explain the fatigue response noted, definitive data examining differences in metabolic demand of subtetanic contractions warrants future study.
In addition to a predictable response to alterations in frequency of stimulation, skeletal muscle torque production is also affected by altering pulse duration. This relationship is curvilinear in nature and is often referred to as the strength-duration curve. 14 The data generated in the present study allowed us to illustrate this relationship, herein referred to as the torque-duration curve given our units of measure (Fig. 2) . Similar to the torquefrequency curve, the reproducibility of the torque-duration relationship in the quadriceps muscle group is illustrated by its low variability, despite being generated from the normalized response over eight different frequencies. Although the relationship between muscle output and pulse duration is an accepted phenomenon in skeletal muscle, the mechanisms that dictate this response are understudied. We suspect that during stimulation protocols similar to those in the present study, longer pulse durations increase recruitment by more easily overcoming resistance to current flow, thereby facilitating motor unit recruitment at a given intensity, resulting in greater torque output. In addition, because firing frequency is driving calcium release/reuptake and results in widely different specific tension of muscle fibers, 13 the logical assumption is that changing pulse duration results in different numbers of motor units being recruited. In fact, the potential for increasing pulse duration to result in greater muscle recruitment has recently been demonstrated. 13 The intriguing part of this study is that the product of pulse duration and pulse frequency seemingly dictates external torque production (Fig. 3) . However, stimulation combinations that utilized either the 10 Hz or 100 s parameter had consistently low torque values. Seemingly, total charge can still predict external torque production at these levels (R 2 ϭ 0.91) but the low pulse duration and low frequency severely limit the ability of the muscle to produce torque. At 10 Hz there is little to no summation of action potentials, so that peak torque is essentially derived from a single pulse. There may be limitations in motor unit recruitment when using 100-s pulse durations as it has been shown that when short pulse durations are used it is necessary to increase current in order to reach threshold in peripheral nerves. 14 The finding of no difference in pain intensity between the two different stimulation protocols is important. If significantly more pain was present during the stimulation patterns that elicited enhanced muscle function it would be difficult to justify incorporation of such protocols. As it is, perception of pain during NMES in healthy persons is thought to limit the application of this modality. Interestingly, the pain values reported in our subjects were on the low end of the VAS scale and were typically described as "mild" in evaluative assessments on the McGill Pain Questionnaire. Accordingly, these data do not support pain as a factor limiting the application of NMES, even at the relatively high stimulation intensities utilized in our study.
Although few data from human studies exist to explain the response of skeletal muscle to changes in pulse frequency and duration, important information to aid in the development of optimal stimulation strategies can be obtained from muscle modeling studies. Data from these studies suggest that the ability to control multiple parameters of stimulation can improve evoked responses, thus supporting the importance of the current study. Specifically, these studies have indi-cated that the combination of pulse-frequency modulation with pulse-width modulation can improve the transient response of skeletal muscle over modulation of either parameter alone. 7 However, to our knowledge these results have never matured into a definitive relationship that could govern NMES modulation strategies in vivo. A clear need remains for practical solutions and a better understanding of the underlying mechanisms of muscle responses induced by NMES. 22 We suggest that optimizing stimulation parameters during NMES-induced contractions of skeletal muscles can have a variety of applications. Limitations imposed by suboptimal parametric settings could seemingly limit the desired effects of an NMES training protocol by minimizing muscle activation or torque production as well as fatigability. Given that fatigability of muscle resulting from NMES is a major limitation to its application, the ability to account for or minimize this effect would be invaluable to NMES prescription. However, predicting or compensating for muscle fatigue is a daunting task given the complex nonlinear behaviors exhibited by the muscle response to simultaneous modulation of multiple parameters.
In conclusion, the identification of stimulation patterns that maximize muscle performance would allow more physiologically advantageous activation patterns to be used during electrical stimulation protocols. Our data suggest the importance of minimizing stimulation frequency to achieve a given absolute torque when fatigue is a concern, and demonstrate the ability to predictably control torque output by simultaneously controlling both pulse frequency and duration. 
